Computer animation has a tremendous potential to provide visualizations of dynamic phenomena that involve change over time (e.g., biological processes, physical phenomena, mechanical devices, historical development). However, the research reviewed in this chapter showed that learners did not systematically take advantage of animated graphics in terms of memorization and comprehension of the underlying causal or functional model. This chapter reviewed the literature about the interface and content features that affect the potential benefits of animation over static graphics. Finally, I proposed some guidelines that designers should consider when designing multimedia instruction including animation.
Review of Research on Animation and Interactivity
It seems reasonable to assume that providing a visualization of what "really" happens in a dynamic system will facilitate learners' comprehension of the functioning of the system. Space in graphics is used to convey spatial and functional relations between objects, which are directly perceived by learners whereas they must be inferred from verbal information.
Similarly temporal changes in animations make temporal information directly perceivable by learners whereas they must be inferred from static graphics. However, as with the research on the effect of pictures in text, the research on animation yields mixed and contradictory results, with actual effects of animation ranging from highly beneficial to detrimental to learning. The question whether animation is more effective than static graphics can not been answered in the general case. Rather the question should be: when and why is animation more effective than static graphics?
In many cases, animation does not add any benefit compared with static graphics, even when the content involved change over time (Betrancourt & Tversky, 2000; Tversky, BauerMorrison and Betrancourt, 2002) . For example, Narayanan and Hegarty (2002) report studies on learning in the domain of mechanics in which animation could be expected to improve understanding of novices, since the behavior of the system is not predictable from naïve conceptions. In one experiment, they compared two hypermedia and two printed versions of instruction about the functioning of flushing cistern: The first hypermedia was designed following guidelines deriving from a cognitive model of multimedia comprehension (Hegarty, Quilici, Narayanan, Holmquist, & Moreno, 1999) ; the second hypermedia instruction was a commercially available products. The two hypermedia instructions were compared to printed versions of either the cognitively designed hypermedia material or the commercial product.
Both hypermedia instructions included animated and interactive graphics. Participants spent the time they wanted studying one of the four presentations. Then they were asked to write a causal description of how the device works and two answer comprehension questions about the functioning of the system. The results showed that participants studying with the cognitively designed material outperformed participants studying with the commercial product on all comprehension measures. However, there was no difference in comprehension between the cognitively designed hypermedia and its printed version. In other words, animated and interactive graphics did not improve comprehension compared with their static equivalents. Moreover, students in the hypermedia conditions did not rate the material as more interesting than students in the paper conditions. We may think that the benefits of animation would appear more clearly when the domain is abstract in nature, like computer algorithms or physics concept. In a lesson designed for elementary school students explaining Newton's laws of motion animation did not lead to better comprehension scores though motion is an essentially dynamic concept (Rieber and Hannafin, 1988; Rieber, 1989) . Using an instructional material explaining computer algorithms, that are known to be difficult for students to comprehend, Catrambone and Fleming Seay (2002) found that animation had a positive impact on performances in difficult transfer problems, but that the benefits of animation disappeared when the accompanying text was carefully designed to provide all the critical information.
When animation provides benefits over static graphics, it may be due to interactivity in the animated graphics, with the system reacting according to learner's input (what we defined here as a simulation). In this case, the animation leads the learner to make predictions about the behavior of the system, which can in itself improve deep understanding. Using instructional material on computer algorithms, Byrne, Catrambone and Stasko (1999) found that the benefits of using animation was equivalent to the benefits of prompting learners to make predictions, and that the two effects were not cumulative. The same results were obtained with mechanical systems (Hegarty, Narayanan and Freitas, 2002; Hegarty, Kriz and Cate, 2003) : Participants who studied the animation with oral commentary did not get better comprehension scores than those who studied equivalent static graphics with written text, but those who were asked questions that induced them to predict the behavior of the system had better understanding of the device than those who were not asked prediction questions.
Two main explanations related to the way human perceive and conceive of dynamic information may account for the failure of animation to benefit. First, human perceptual equipment is not very efficacious regarding processing of temporally changing animation.
Though we track motion quite automatically, we are very poor in mentally simulating real trajectories (Kaiser et al. 1992) . Second, even when actual motion is smooth and continuous, people may conceive of it as composed of discrete steps (Hegarty, 1992; Zacks, Tversky & Iyer, 2001) . For example, the functioning of the four-stroke engine is in most mechanical handbooks represented by a static picture of each of the four steps. If dynamic systems are conceived of a series of discrete steps, giving an animation will not make comprehension easier than a series of static graphics. In learning how a flushing cistern works, Hegarty, et al. (2003) found that an animation did not lead to better understanding than a series of three static diagrams representing phases of the system, both conditions being more beneficial than one static diagram of the system. However, animation is the only way to represent transitions between the discrete steps in a dynamic system and remains necessary for learners who are not able to mentally simulate the functioning of the system from static graphics (which Schnotz (2002) called the enabling function of animation). Rebetez et al. (2004) showed that a continuous (but learner controllable) animation led to better comprehension performance than a succession of static snapshots for instructional materials explaining geological and astronomic phenomena when learners were in pairs (Figure 1) . Interactivity may overcome these perceptual and conceptual obstacles. Control over pace and direction could be considered as a simple surface feature at the interface level, which would hardly affect learners' motivation. Research showed however that learners in control of the pace of the animation not only find the material more enjoyable but also perform better tests of deep learning than learners who have no control of animation. This gain has been found even when control was minimal such as deciding when to run the next sequence (Mayer & Chandler, 2001) . Control can thus overcome perceptual limitations, since the presence of pauses in the animation enables learners to process the continuous flow of information without perceptual and conceptual overload. New information can be processed and integrated progressively in the mental model (Mayer & Chandler, 2001 ). Moreover, learners who have complete control over the pace and direction of the animation can monitor the cognitive resources (e.g., attention and processing) they allocate to each part of the animation.
Schwan and his colleagues (Schwan, Garsoffky & Hesse, 2000; Schwan & Riempp, 2004) showed that users who were in control of the pace and direction of a video spent more time on difficult parts of the video.
Another concern is the need to provide segmentation in order to help learners conceptualize the functioning of the system. A direct way to convey segmentation in the animation is to insert a pause after each main phase. According to this conception, learners should benefit more from computer-paced than user-paced control device. The research shows that users who had partial of full control over the animation performed better in post-test than users who had no control (Mayer & Chandler, 2001 ), but results are scarce and inconsistent regarding the gain of having full control. Preliminary research showed that in most cases novice learners do not have the knowledge to identify the most relevant parts of the animation and do not monitor the control very effectively (Lowe, 2003; Kettanurak, Ramamurthy & Haseman, 2001) .
What Are the Limitations of Research on Animation and Interactivity?
The effect of using animated displays with or without interactivity has mostly been investigated in laboratory experiments with the traditional mental model paradigm, involving studying the material and then answering explicit and transfer questions in a posttest with little or no delay. The effect of animation over longer retention intervals has hardly been investigated, primarily for practical reasons (e.g., engaging participants to come back one or several weeks later, or ensuring that they did not study the material by themselves in the meantime). Similarly, studies on animation in real learning settings and using rigorous experimental methods are scarce. Though such studies could provide interesting and ecological results, it should be made sure that the animated and non-animated situations are equivalent with all other respects, especially the attitude of the teacher or trainer and the learning activities.
Research carried out from a cognitive perspective has not shown much consideration for the kind of learning material. Designing an animation--like designing graphics--requires decisions on the way objects, motion and other non visual features (force, speed, etc.) are represented. Animation involves in most cases a mixture of representational features, which bear a resemblance to the real object, of domain-specific or common conventional signs and symbols (e.g. arrows) and, of primary importance, of verbal information. As some format factors have multimedia instructional value, the semiotic information conveyed by representational, symbolic, and verbal information and their relationships probably affect the way learners process the material. At least designers should ensure contiguity between verbal and graphic information, use signaling to reinforce important information and logical links and provide commentary in the aural modality (see Chapter 12x,y and z).
Other determinants of the effectiveness of animation that seem of primary importance but are scarcely investigated are individual differences in expertise in the domain and visuospatial abilities. Generally, benefits due to the instructional format are greater for novices than experts (e.g. Mayer & Sims, 1994) . Experts, who have already formed mental models in the domain, can rely on long-term memory processes to learn about complex phenomena. In some cases, providing animation to learners who are able to mentally animate the system is detrimental to learning since it induces a shallow processing of the material (Schnotz, Boeckheler and Gzrondziel, 1999; Schnotz & Lowe, 2003) . Conversely, animation indices a complex visual processing and may be beneficial only to learners with high visuo-spatial abilities (Mayer & Sims, 1994) . Studies are needed to confirm these results in a large variety of learning tasks and objectives, which could help designers to adapt the instructional material to the targeted learners.
Finally the research has mostly studied the effect of animation on off-line learning outcomes, but little is known on the way people explore and process animation, though it can have direct implications for design. Lowe (2003) showed that novices focused their attention on perceptually salient rather than thematically relevant features of the animation. To lower this tendency the design of the animation should include devices that guide learners' attention to important features of the animation such as arrows or visual highlighting.
Implications for Instructional Design
Animations are attractive and intrinsically motivating for learners. However, they are hard to perceive and conceive, their processing requires a heavy cognitive load and there is chance that learners do not get any benefit from studying the animation compared with static graphics.
To use or not to use animation
In this context, and given the cost of designing animated graphics compared to static ones, the first question an instructional designer should ask is "Do I really need to use animation?".
According to the research on animation, animation should be used only when needed, that is when it is quite clear that learners will benefit from an animation. Two conditions are: (1) When the concept or phenomenon depicted in the animation involves change over time and that it can be assumed that learners would not be able to infer the transitions between static depictions of the steps. If animation is used when it is not really needed from a cognitive point of view, learners will process a material that is complex but not directly useful for understanding how the phenomenon works. Mayer, Heiser and Lonn (2001) have shown that learning is impaired when non-relevant material is added (see coherence principle, chapter
